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ABSTRACT: The experiments described herein were performed to determine whether

damage imposed b v axial loading interacts with damage imposed by torsional loading.

This paper is a follow on to a study [1] that investigated effects of load-type sequencing on

the cumulative fatigue behavior of a cobalt base superalloy, Haynes 188 at 538°C. Both

the current and the previous study were used to test the applicability of cumulative fatigue

damage models to conditions where damage is imposed by different loading modes. In the

previous study, axial and torsional two load level cumulative fatigue experiments were

conducted, in varied combinations, with the low-cycle fatigue (high amplitude loading)

applied first. In present study, the high-cycle fatigue (low amplitude loading) is applied

initially. As in the previous study, four sequences (axial�axial, torsion�torsion,

axial/torsion, and torsion�axial) of two load level cumulative fatigue experiments were

performed The amount of fatigue damage contributed by each of the imposed loads was

estimated by both the Palmgren-Miner linear damage rule (LDR) and the non-linear

damage curve approach (DCA). Life predictions for the various cumulative loading

combinations are compared with experimental results.

INTRODUCTION

Many mu|tiaxial fatigue damage models are based on the premise that

damage is a tensor, i.e., it has both magnitude and direction. If this were

true, damage imposed by loading in one plane should not readily interact

with subsequent damage imposed by loading in another direction. By

subjecting thin-walled tubular specimens to fatigue in different loading

directions, in sequence, this hypothesis can be tested.

This is a preprint or reprint of a paper intended for presentation at a
conference. Because changes may be made before formal
publication, this is made available with the understanding that it will
not be cited or reproduced without the permission of the author.
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The cyclic hardening behavior of superalloys is, at least to some extent,

isotropic in nature. This hardening should influence damage accumulation

even when loading is imposed in another direction.

MATERIAL, SPECIMENS, AND TEST PARAMETERS

Specimens used in this study were fabricated from hot rolled, solution

annealed, Haynes 188 superalloy, bar stock. This is the same heat of

material used to perform the experiments described in Ref. [1].

All experiments were performed on thin walled tubes with a gage section

of nominally 26 mm outer diameter and 22 mm inner diameter. Interior

surfaces were honed in an attempt to preclude crack initiation on the inner

surface of the specimen. Outer surfaces were polished with final polish

parallel to the specimen axis. Further details on the specimen geometry and

machining specifications can be found in [2]. The baseline axial and

torsional fatigue lives for this material, specimen geometry, and test

temperature can be found in [1].

The specimens were heated to 538°C with an induction heating system.

All specimens were subjected to sequential constant amplitude fatigue

loading under strain control. The other axis was maintained in load control

at zero load. The failure criterion programmed into the testing software was

a 10% load drop. Five experiments were terminated due to a controller

interlock. Details on the test machine, heating system and test control

software can be found in [1,2].

TEST MATRIX

The test matrix for this study is shown in Table I. Seventeen different

combinations of two block loading experiments were performed. The

sequences were axial-axial, torsion-torsion, axial-torsion, and torsion-axial,

with at least four first load level life fractions imposed in each combination.

A fifth life fraction was imposed in the torsion-torsion subset. One torsional

experiment was repeated as a cursory check on the expected specimen-to-

specimen variability. This added up to a total of 18 tests performed for this

study. Table I also contains the stabilized (half Ifli_) stresses lbr each load

level, the number of cycles imposed, and the final crack orientation.
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RESULTS AND DISCUSSION

The initially imposed lower amplitude cyclic loading caused this solution-

annealed material to isotropically harden. The magnitude of the hardening

in the first load level was proportional to the number of imposed cycles.

Stress range vs. cycle plots (Fig. 1) for the second load level show some

interesting behavior. The lower initial life fraction experiments continue to

harden during the second load level (with exception of the axial-axial where

all hardened to failure). The higher initial life fraction experiments tended

to cyclically soften. The material in each type of load level combination

tended to converge to a similar stress range as the tests progressed.

Experiments ending with torsional loading always failed on the

maximum shear strain plane in line with the specimen axis. There are some

indications that these cracks may have initiated along final polishing marks.

Experiments completed under axial loading all failed at or near the plane of

maximum tensile stress. In the tests completed with axial loading, the 10%

load drop failure criteria corresponded to an average crack length, of 20.5

mm. Somewhat longer surface cracks (27.4 mm average length) occurred in

the tests completed with torsional loading.

Five of the eighteen tests stopped due to controller interlocks. Most the

controller interlocks occurred due to a crack opening up on side of specimen

opposite to the extensometer and/or outside the extensometer gage section.

Larger final cracks and significant specimen distortion were associated with

these events. Fatigue surface crack lengths were of the same order as those

observed in those ended at a 10% load drop.

The results of the cumulative fatigue experiments performed for this

study were compared with predictions of two load interaction models: the

linear damage rule (LDR) (Eq 1), otien referred to as Miner's rule, and the

damage curve approach (DCA) (Eq 2)[3].

(1)

f SI _04

(2)
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Figure I: Cyclic hardening behavior of low strain amplitude
followed by high strain amplitude tests
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Figure 2: Fatigue life estimation of low amplitude followed by high

amplitude fatigue experiments.

The results of the axial-axial, torsion-torsion, axial-torsion, and torsion-

axial experiments are shown in Fig. 2. It's clear that neither cumulative

damage model predicts the observed behavior adequately. In most cases,

the LDR seems to more closely approximate the observed behavior for
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lower initially applied life fractions (nl/N, < 0.4) whereas the DCA model

seems to do better with the higher (nl/N, > 0.4) initially applied life
fractions.

The extent of isotropic hardening in the material seems to effect the

subsequent deformation and damage accumulation. As shown in Fig. 3, the

magnitude of the equivalent plastic strain in the first load level is inversely
correlated with the sum of the life fractions.
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Figure 3: Equivalent plastic strain in first load level vs. sum of life fractions

CONCLUSIONS

1) Neither the LDA nor the DCA predicted the interactions in these

experiments particularly well. Predictions by the LDA were marginally
better than those by the DCA.

2) The fatigue life data suggest some transition behavior that may be

linked to the extent of work hardening imposed by the initial load level;

the greater the life fraction expended in lower amplitude loading, the

greater the chance of having a sum of life fractions more than unity.
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